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ABSTRACT: The most popular way to define asthma based on questionnaires is to use definitions taken from cross-sectional international studies on asthma. These definitions may not, however, be optimal for future studies focusing on risk factors of asthma. The current authors, therefore, compared the performance of different operational definitions of asthma.
The European Community Respiratory Health Study I was a cross-sectional study of 21,924 subjects aged between 25-44 yrs in 18 countries. Operational definitions of asthma compared included different combinations of symptoms of asthma and bronchial hyperresponsiveness. A continuous asthma score, ranging from 0-8, was defined as the sum of positive answers to eight main symptom questions.
There was no threshold in the associations of asthma symptoms with severity or risk factors of asthma, which would have suggested a dichotomous definition of asthma. Using dichotomous definitions requiring the presence of several asthma symptoms strengthened associations with studied risk factors, and also increased the estimated specificity and positive predictive value. Using a continuous asthma score also improved the power of the analyses.
In conclusion, dichotomous definitions of asthma yielding higher odds ratios are achieved by requiring positive responses to several questions on symptoms. However, symptoms of asthma are possibly best analysed as a continuous asthma score.
KEYWORDS: Asthma, definition, epidemiology, methods, risk factor C urrently there is disagreement on the exact pathophysiology of asthma and, therefore, it is unclear how asthma should be exactly defined in future studies [1, 2] . In epidemiology, the most common solution has been to adopt questionnaires and dichotomous operational definitions of asthma developed for large cross-sectional prevalence studies, such as the European Community Respiratory Health Study (ECRHS) [3] , and the International Study of Asthma and Allergies in Childhood (ISAAC) [4] . However, definitions of asthma used in these studies may not be optimal for future studies focusing on risk factors of asthma.
Choosing a cut-off point for a dichotomous definition of disease is a difficult trade-off between sensitivity and specificity. This has been repeatedly shown for continuous traits, such as bronchial hyperresponsiveness (BHR) [5] . The best cut-off point depends largely on the aims of the study. Dichotomising a continuous variable also leads to a loss in power [6] .
Clinical diseases, e.g. asthma, are usually treated as dichotomies in epidemiological research. However, most, if not all, chronic diseases are not true dichotomies [7] . This was first recognised for physiological traits, such as blood pressure [8] , but has been later recognised for several chronic diseases, for instance dementia [9, 10] . Among asthmatics, continuous symptom scores have been used to measure asthma severity and asthma-related quality of life [11] . However, the possibility of combining different symptoms [12] or using a continuous asthma score [13] to define asthma has been less explored.
In the present study, the performance of several dichotomous operational definitions of asthma and a continuous score of asthma symptoms were compared using data from a large international cross-sectional study on asthma in adults, the ECRHS-I [14] . The aim of the present study was to identify possibilities of using existing and future data on symptom questionnaires more efficiently when exploring risk factors of asthma, and to identify the needs for future development of asthma questionnaires.
METHODS
The protocol for the ECRHS has been described elsewhere [14, 15] . Briefly, participating centres selected an area defined by pre-existing administrative boundaries, with a population of o150,000 individuals. An up-to-date sampling frame was used to randomly select o1,500 males and 1,500 females, aged between 20-44 yrs. In stage I, subjects were sent a questionnaire enquiring about respiratory symptoms. A 20% random sample of subjects was selected to take part in stage II in which they were invited to answer a more detailed administered questionnaire, and to take part in blood tests, skin tests, assessment of lung function by spirometry and airway challenge with methacholine. The present study included only subjects randomly selected to stage II from 34 centres in 15 countries (Belgium (2), Germany (2), Spain (5), France (4), Ireland (1), Italy (3), Netherlands (3), UK (3), Iceland (1), Norway (1), Sweden (3), Switzerland (1), New Zealand (3), USA (1) , and Australia (1)). For the present analyses, subjects with missing data on any of the questions on asthma symptoms, BHR testing or on atopy were excluded, leaving a total of 11,297 subjects. The study protocol was approved by the Institutional Review Board of the participating centres. Participants gave informed written consent.
The ECRHS questionnaire at stage II was adapted from a preexisting questionnaire [16] . The questions were tested for comprehensibility and translated, with back translation into English. The results from the questionnaire have been reported elsewhere [17] , including respiratory symptoms, questions on asthma diagnosis and asthma treatment.
Current smoking was defined as those reporting having smoked during the last month and atopy as a specific immunoglobulin E .0.35 kU?L -1 to any of the following allergens: house dust mite (Dermatophagoides pteronyssinius), cat, timothy grass and Cladosporium Herbarum.
Operational definitions of asthma used
At stage II of the ECRHS questionnaire, there were 12 main questions on asthma symptoms (Appendix 1; numbering taken from the original questionnaire) [14] . Different combinations of these questions were used to devise different operational definitions of asthma.
Wheeze was defined in three different ways: 1) wheeze, positive answer to question 1; 2) wheeze and breathlessness, positive answers to questions 1 and 1.1; and 3) wheeze and breathlessness, no cold, positive answers to questions 1, 1.1 and 1.2.
The above variables were combined in addition to positive results from the BHR test (dose of methacoline causing a 20% fall in forced expiratory volume in one second (PD20 ) ,1 mg) [18] to create the following variables: 1) wheeze and BHR; 2) wheeze and breathlessness and BHR; and 3) wheeze and breathlessness, no cold, and BHR.
BHR was also analysed by itself, using three different definitions of abnormal result from the BHR test: a slope .25%, a slope .10% or PD20 ,1 mg [18] .
The questions used in the ECRHS to select subjects with possible asthma [15] were questions 5, 13.5 and 13.6 (attack of shortness of breath, attack of asthma, and use of asthma medication). Using these questions, three ECRHS definition combination variables were defined. 1) Any one of three variables: positive answer to at least one of the above questions. 2) Any two of three variables: positive answer to at least two of the above questions. 3) All three variables: positive answer to all three questions.
Asthma score
To explore continuous combinations of the asthma questions, a principal component analyses was run with all the 12 main questions on asthma symptoms available (Appendix 1). Three main factors in the principal component analyses had Eigen values of 4.57, 1.69, and 1.12, respectively. All three factors were explored in an attempt to analyse phenotypes of asthma (see results).
However, given the strength of the first factor and the main aim of the present study, the decision was made to use only one factor to build the main asthma score. First, an effort was made to reduce the number of questions used to build the score. This was done to avoid categories of score with very few observations. Question 6 on cough was excluded first, as it had a very low factor loading (0.27). The wheezing questions were highly correlated, so only one question on wheezing was selected, wheeze and breathlessness, since it had slightly higher loading (0.72) than other wheezing questions (0.68 and 0.65, respectively). Based on the same reasoning, the question on doctor-diagnosed asthma (loading 0.73) was dropped, but question 13 was retained (loading 0.74).
The standardised Cronbach's alpha, which measures the internal consistency of the components of a score, was 0.82 for the previously mentioned eight questions. Deleting any of the other questions on asthma dropped the Cronbach's alpha to 0.78-0.79; so all three questions were retained. Adding any of the questions that were previously dropped did not increase the Cronbach's alpha higher than 0.83, except for the doctor diagnosis of asthma, which increased it to 0.85. However, asthma and doctor diagnosis of asthma contain essentially the same information (92% of subjects with ever asthma have a diagnoses of asthma); therefore, diagnosis of asthma was not included in the score.
The current authors also used principal component analyses to determine a single continuous score on asthma using optimal weighting for the previous eight questions. However, there was high correlation between this continuous score and a simple sum of the eight questions (Spearman correlation coefficient was 0.99). Therefore, only results for a simple asthma score, calculated as the sum of the eight individual questions, were presented.
The final asthma score used in the analyses consisted of a simple sum of the positive answers to the eight questions, i.e. the score ranged from 0-8 (Appendix 2).
Statistical analyses
The different operational definitions were compared with the question ''Have you ever had asthma'' and with BHR (PD20). Sensitivity was the proportion of true asthmatics correctly classified by the test, and specificity the proportion of true nonasthmatics correctly classified by the tests. Positive predictive value (PPV) was the proportion of true asthmatics among test positives. In order to be able to compare the different PPV in table 1, a theoretical PPV for a situation, where true prevalence of asthma was 10%, was calculated.
The asthma score was a count, which suggested a Poisson regression model. However, the mean (0.67) was lower than the standard deviation (1.32), which required the use of a negative binomial model. Comparison of the observed distribution of the score with a simulated distribution using this model showed an almost exact match. Therefore, in multivariate analyses, the score was analysed using a negative binomial model, which models the ratio of the mean score among exposed and nonexposed, e.g. a ratio of mean score of 1.63 for maternal asthma meant that those with maternal asthma had a 63% higher mean score, as compared with those without maternal asthma. The size of this estimate was difficult to compare with results from the logistic regression models used for dichotomous outcomes as they model the relative odds of having the binary outcome. However, z-values were comparable. (table 1) . When more positive symptoms were required to define asthma, the sensitivity and prevalence decreased, but specificity increased. Also, requiring a higher asthma score increased the specificity, but decreased the sensitivity of the definition of asthma in a continuous fashion. Although in many very strict definitions the specificity became very high, the PPV remained only moderate, as the sensitivity was so low. The best Youden's index (sensitivity + specificity-1) was observed with less strict definitions, especially with wheeze in the last 12 months (data not shown).
RESULTS

Different definitions gave very different estimates of the prevalence of asthma
When more positive symptoms were required to define asthma, the estimated prevalence differences of the association of atopy with ''asthma'' were reduced, but the odds ratios (OR) were increased (table 2) . However, the statistical significance (measured as z-values) changed very little or was even reduced for definitions with very low prevalences. The highest OR's were achieved defining asthma as a positive answer to all ECRHS definition questions (woken by attack of shortness of breath, attack of asthma and medication for asthma), and the highest levels of score.
Similar results were obtained for maternal asthma, but the increase in OR's were somewhat less pronounced, especially for operational definitions including BHR (data not shown). 
OPERATIONAL DEFINITIONS OF ASTHMA
This was not unexpected as bronchial responsiveness has an association with atopy independent of asthma [19] .
There was no evidence of a threshold in the association of asthma score with demographic factors, indicators of severity of asthma and risk factors of asthma (table 3) . Most indicators of severity and risk factors increased continuously with increasing score, including BHR ( fig. 1 ). For variables measuring tobacco smoke exposure, especially active smoking, there was first an increase in prevalence, then a decline, suggesting a more complex association with the score.
In a multivariate model assessing a combination of risk factors (table 4), the largest z-values were obtained for the risk factors when analysing the continuous asthma score (using negative binomial model), as compared with logistic regression of the usual dichotomous definitions. This suggests an increase in the power of the analyses with the use of the score.
To analyse more directly the additional information provided by the asthma score, multivariate logistic regression models were also run with BHR as a dependent variable, and the three definitions of asthma in table 4 , age, sex, and centre as independent variables. The adjusted OR (z-value) for asthma score was 1.50 (10.9). The same models for atopy and for maternal asthma gave adjusted OR's (z-values) for asthma score of 1.25 (7.3) and 1.30 (5.2), respectively. These analyses show that, even when adjusting for the other two definitions of asthma, the asthma score provides additional information on all of the three variables (BHR, atopy and maternal asthma) used.
In an attempt to analyse risk factors of different phenotypes of asthma (table 5) For analyses on risk factors, the scores were dichotomomised at ,90th percentile. Due to discontinuities in the distributions of the scores, this resulted in a prevalence of 7.6% for the asthma factor (all subjects with ever asthma), a prevalence of 8.6% for wheeze and a prevalence of 10.0% for the dichotomised shortness of breath factor. : .20% fall in forced expiratory volume in one second at 1 mg; + : woken by shortness of breath, attack of asthma or asthma medication.
Maternal asthma, atopy and BHR were most strongly associated with the asthma factor, but there was also clear association with the other two factors (table 5) . Smoking was associated mainly with the wheeze factor, whereas older age and female sex were mostly associated with the shortness of breath factor.
DISCUSSION
The most common operational definitions of asthma in epidemiological studies today are based on the questionnaires and definitions of asthma developed for international prevalence studies, such as the ECRHS [3] in adults and ISAAC [4] among children. The ECRHS defines asthma usually as the presence of either an attack of shortness of breath, an attack of asthma or use of asthma medication [15] . ISAAC focuses on the presence of wheezing [4] . However, definitions of asthma used in these studies may not be optimal for future studies on risk factors of asthma for two reasons. First, the definitions are dichotomous and secondly, the definitions have been developed with more focus on prevalence of asthma rather than on risk factors of asthma [20] .
Whether asthma is a truly dichotomous disease is unknown. Current knowledge on the pathophysiology and natural history of asthma does not strongly suggest that asthma would be different from most other chronic diseases that exist as a continuum in the population [7] . This is especially clear when asthma is measured using symptom questionnaires, as the reporting of symptoms is also influenced by many other factors, such as perception of symptoms and current environmental exposures. The present analyses showed no threshold in the association between increasing number of asthma symptoms and any of the markers of asthma severity, or main risk factors of asthma, which would have suggested a dichotomous definition of asthma. Using a continuous asthma score instead of a dichotomous definition of asthma is likely to increase the power of the study [6] , which is especially important in smaller population based studies. This was observed in the current analyses. Taken together this suggests that when analysing symptoms of asthma in epidemiological TABLE 3 Association of asthma score with demographic factors, indicators of severity of asthma and risk factors of asthma OPERATIONAL DEFINITIONS OF ASTHMAstudies, they are best analysed as a continuum, not as a dichotomy.
If it is accepted that asthma symptoms exist as a continuum in the population, choosing the cut-off point to classify subjects into asthmatics and nonasthmatics is a somewhat arbitrary decision, which depends mainly on the aims of the classification, e.g. when screening for a disease, the definition needs to be very sensitive. International studies comparing prevalence of asthma have focused on questions on asthma symptoms, such as wheeze, which have a high combination of specificity and sensitivity [3] . In aetiological research and in clinical practise, there is more emphasis on specificity and PPV [20, 21] .
The present study indicates that requiring positive answers to several questions on symptoms of asthma increases the specificity and PPV, but reduces sensitivity of the definition, when compared against self-report of ever asthma or BHR. The estimated sensitivities and specificities should, however, be interpreted more as measures of agreement than as a true validation study, given the lack of a true gold standard for asthma [2] . However, as expected based on theory, the observed OR increased with increasing PPV of the definition [21] . PPV is a function of true prevalence of the disease, specificity, and sensitivity [22] [23] [24] . In general, when the specificity is ,95%, there is substantial bias in the estimated risk ratios.
In the main analyses of the present study, a single asthma score was used. This was done as asthma is usually treated as a single disease in epidemiological studies. Previous analyses [13] also suggest that the asthma symptom questions in the ECRHS mostly measure one single underlying factor or latent trait. This was supported by the present principal component : phenotypes based on dichotomised scores from principal component analysis of the 12 questions on asthma symptoms. The first factor corresponds closely to the question on ever asthma, second factor to questions on wheeze, and third factor on questions on chest tightness and shortness of breath. analyses. The current authors used only the simple sum of the eight asthma questions, due to simplicity and the high correlation (r50.99) between the simple sum and a continuous score that can be calculated based on the principal component analysis.
However, it is possible that asthma is a more heterogeneous disease entity with several different phenotypes. Earlier analyses of the ECRHS questionnaire [25] separated two different phenotypes of asthma, namely ''asthma'' and ''wheeze''. The present analyses on phenotypes confirmed the earlier findings on the risk factors of these two phenotypes.
The present analyses included, in addition, a third phenotype, ''shortness of breath'', which was most strongly associated with female sex and older age.
The possibility to separate different phenotypes of asthma and to create continuous scores of these phenotypes using only the current questions is, however, limited. Two-thirds of the subjects had no positive replies to the questions on asthma symptoms. Future analyses should try to obtain information on longer symptom histories (not just the past 12 months), use symptom questions, which are not dichotomised, but have continuous scales, and also include information on possible objective markers of asthma.
When the asthma score is used in epidemiological analyses, it is important to explore if the risk factor under study increases in a continuous manner with increasing level of the score. In the present study this was observed for all risk factors of asthma except smoking. As observed before [25] , smoking was also more strongly associated with questions on wheezing than with questions on asthma. Therefore, it is probably advisable to stratify future analyses by smoking, at least as a sensitivity analyses. For example, in the present analyses, the association between asthma score and BHR was slightly weaker among smokers than among nonsmokers. However, the difference in the OR was small (1.37 versus 1.52).
In conclusion, the present study suggests that there is no threshold in the association between increasing number of asthma symptoms and any of the markers of asthma severity or main risk factors of asthma. Using definitions that require positive answers to several asthma symptom questions strengthened the associations with the studied risk factors and also increased the estimated specificity and positive predictive value of the definition. However, statistical power differed very little. In contrast, using a continuous asthma score both improved the power of the analyses and gave additional information to the dichotomous definitions of disease. This suggests that symptoms of asthma are possibly best analysed as a continuous asthma score in epidemiological studies.
